The magnitude of climate change has been variable depending on location, with accelerated warming at high latitudes (Trenberth et al, 2007) , including the Canadian prairies. Average temperatures in this region have increased 1.5°C in the last century, the largest temperature change across Canada (Zhang et al., 2000) . Further increases up to 4.5°C are forecast for the Canadian prairies in the next 50 yr (Nyirfa and Harron, 2002) . Precipitation trends with climate change are more diffi cult to assess (Christensen et al., 2007) . Although precipitation is predicted to increase at high latitudes (Dore, 2005) , observed increases have been lower in the prairies than in other parts of Canada (Zhang et al., 2000) , and increased variability in precipitation has also been predicted, leading to drier periods (Sushama et al., 2010) .
Cattle grazing is a major economic activity on an estimated 13 million ha in the Canadian prairies (Vaisey and Strankman, 1999) . Warming and altered precipitation have the potential to impact rangeland productivity (Izaurralde et al., 2011) , with socioeconomic repercussions (Finger et al., 2010) . Although several studies have evaluated the impact of warming on plant production, the results have been varied (Grime et al., 2000; Klein et al., 2007; Wu et al., 2011) . Morgan et al. (2008) predicted that forage production in the Great Plains will increase with warming, and three meta-analyses of warming have concluded that plant growth will increase in grasslands (Rustad et al., 2001; Lin et al., 2010; Wu et al., 2011) . Th ere is also evidence that productivity at northern latitudes is increasing due to climate change, although this trend is inconsistent across North America (Zhou et al., 2001) . Warming can have negative eff ects on biomass, however, if plants are optimally adapted to their current (i.e., lower) temperature (King et al., 1995; Bertrand et al., 2008) . Th e response of plant biomass to warming has also been shown to depend on other environmental variables, such as precipitation availability (Hoeppner and Dukes, 2012) . Temperature aff ects plant biomass via both direct and indirect mechanisms, which can contribute to varied eff ects of warming on productivity (Shaver et al., 2000) . For example, warming may decrease soil moisture (Kardol et al., 2010) , in turn limiting plant biomass.
Th e relationship between peak biomass and precipitation is generally positive (Sims and Singh, 1978; Wu et al., 2011) , and on a continental scale, precipitation is considered the most important driver of grassland distribution and productivity (Milchunas et al., 1994; Knapp and Smith, 2001; Huston and Wolverton, 2009) ; however, some studies have found no relationship (Frank, 2007) or even a negative relationship (Gilgen and Buchmann, 2009 ) between biomass and precipitation. Moreover, most of our understanding of the influence of altered precipitation on production relies on observational studies, which may show different results from manipulative studies (Nippert et al., 2006) . Recent investigations manipulating the timing and distribution of precipitation have revealed complex grassland productivity responses to precipitation that further vary by local landform and topography (Heisler-White et al., 2009) .
Biomass responses to precipitation (Knapp et al., 2002 ) and warming (Lin et al., 2010) further vary by growth form. Shrub growth can increase with warming Lin et al., 2010) , but shifts between graminoid and forb groups may be of greater concern in rangelands without a woody component because graminoids are favored for cattle forage (Holcheck, 1984) . Shifts in biomass among herbage (graminoid and forb) components in response to climate may be more important than changes in total biomass.
Ruminants have minimum crude protein (CP) requirements, and optimal performance requires a balance between protein and energy; thus, even small decreases in CP can have implications for livestock (Poppi and McLennan, 1995) . Both warming and altered precipitation can also impact aspects of herbage quality, including CP concentrations. Generally, conditions that accelerate plant maturity, including increased temperature and decreased precipitation, have a negative effect on CP (Buxton, 1996) ; however, variation in this trend has been observed for precipitation (Hayes, 1985; Craine et al., 2010) .
Importantly, precipitation, temperature, and grazing treatments can interact to alter herbage quantity and quality (Walter et al., 2012) differently than if applied separately. For example, Klein et al. (2007) reported that simulated grazing mitigated decreases in herbage quantity and quality due to warming. Regrowth following biomass removal depends on many factors, including temperature and precipitation, as well as grazing intensity (Fanselow et al., 2011) . Producers can use this information to adjust grazing practices to maintain long-term productivity (Izaurralde et al., 2011) . Grazing can also independently affect production (Biondini and Manske, 1996; Milchunas and Lauenroth, 1993) and CP (Milchunas et al., 1995) . Despite calls for more studies that include grazing in conjunction with climate (Izaurralde et al., 2011) , we know of no published study that has examined the response of grazing resources to simultaneous manipulation of precipitation, temperature, and grazing (or its equivalent).
We examined how experimentally altered precipitation, warming, and clipping (i.e., simulated grazing) affect herbage quantity and quality in three northern temperate grasslands distributed across western Canada at the northern boundary of the Great Plains. Our replicated, multifactorial study should provide a robust assessment of the impact of climate on herbage production and quality in the Canadian prairies and contribute to our understanding of how grazing opportunities may change under various climate change scenarios. Specific research questions included:
1. What is the influence of growing conditions (warming and altered precipitation) on accumulated herbage production, including contributions from graminoids and forbs, and does this vary with clipping intensity?
2. What is the influence of growing conditions (warming and altered precipitation) on the regrowth biomass of herbage, including contributions from graminoids and forbs, following early-season clipping, and does this vary with the intensity of clipping? 3. What is the influence of growing conditions (warming and altered precipitation) on CP in graminoids and forbs, and does this vary with clipping intensity?
METHODS

Study Sites
Research was conducted at three sites, one in each of Canada's prairie provinces: Alberta, Saskatchewan, and Manitoba. Details on the grassland sites are summarized in Table 1 . The Alberta site (Site AB) was on the University of Alberta Kinsella Research Ranch 140 km southeast of Edmonton, in a fescue grassland community within the Aspen Parkland ecoregion, a savannah-like mosaic of rough fescue grassland and aspen stands. Site AB experimental area was positioned on the east slope of a small hill characteristic of the hummocky moraine known as "knob-and-kettle" terrain. Dominant species included Festuca hallii (Vasey) Piper, Hesperostipa curtiseta (Hitchc.) Barkworth, and Elymus trachycaulus (Link) Gould ex Shinners.
The Saskatchewan site (Site SK) was a mixed grassland at the Gap Prairie Farm Rehabilitation Administration community pasture 130 km south of Regina, within the Mixed Grassland ecoregion, with isolated shrubs and trees in lower areas with sufficient moisture. This experimental area was a flat hilltop in a landscape of gently rolling grassland hills, also considered "knob-and kettle" terrain. Dominant vegetation included Hesperostipa curtiseta, Pascopyrum smithii (Rydb.) Á. Löve, and dryland Carex spp.
The third site (Site MB) was a plains rough fescue (F. hallii) grassland community at Riding Mountain National Park in Manitoba, about 200 km west of Winnipeg, within the Aspen Parkland ecoregion, and a landscape of boreal forest and aspen stands, with patches of rough fescue grassland. The Site MB experimental area was flat, within a forest landscape. Plant cover at this site is dominated by Poa secunda J. Presl, dryland Carex spp., and Monarda fistulosa L. All grasslands were dominated by native, perennial species and were thought to be free of previous tillage. Plant species nomenclature follows NRCS (2012).
Sites AB and SK have a history of moderate cattle grazing, which ended just before this experiment. Site MB had not been grazed by cattle since 1970, but elk (Cervus canadensis), moose (Alces alces), white-tailed deer (Odocoileus virginianus), and mule deer (Odocoileus hemionus) continue to forage in the area. At the initiation of the study, we fenced all sites to deter entry by large mammals. Vegetation at all sites was predominately cool season (C 3 ), perennial, and native. Based on control plots, the biomass at both Sites AB and SK were dominated (approximately 75%) by graminoids, with the remainder comprised of forbs, and minimal (<1%) shrubs at Site AB. In contrast, Site MB was 50% forbs, with 40% graminoids and 10% shrub biomass.
Experimental Design
In April to May 2007, we implemented a 3-yr manipulative experiment at each site to determine the interactive effects of temperature (warmed or ambient control), precipitation (reduced or ambient precipitation in all three sites, with an additional added precipitation treatment at Site AB beginning in 2008), and growing season clipping (none, low intensity in June, or high intensity in June) on a suite of response variables. At each site, a randomized factorial design with five replicates of each treatment combination was established (90 plots at Site AB; 60 plots at each of Sites SK and MB). At Site AB, the 90 plots were comprised of five fully replicated blocks to account for topographical variation and the additional precipitation treatment.
Warming was achieved with open-top chambers (OTCs), as per standard International Tundra Experiment design (Marion et al., 1997) . The OTCs were made of a flexible fiberglass greenhouse material (Sunlite-HP, Solar Components Corporation), which allowed light penetration but inhibited loss of infrared radiation and resulted in a temperature increase within the chamber of 2 to 4°C. The air temperature 25 cm above the ground was recorded every 30 min using dataloggers (Onset HOBO Pendant Temperature, Onset Computer Corporation) shielded with polyvinyl chloride pipes. The OTCs were 2 m in diameter at the base and 40 cm high, with the sides positioned at a 60° angle to the ground, resulting in a top opening of 1.6 m. The area within the OTC, or equivalent area in the ambient control plots, was considered the main plot area and any sampling occurred in this area, while clipping and precipitation treatments encompassed a 2.5-by 2.5-m area fully enveloping the OTC.
Rain-out shelters were used to produce treatments of ambient or reduced (-60% growing season) precipitation. In addition, Site AB had an added (+60%) precipitation treatment during 2008 and 2009. Rain-out shelters were 2.5-by 2.5-m wood frames 60 cm above the ground on the low end and 120 cm above the ground on the high end. Shelter tops were overlain with plastic (Dura-Film Super 4 6-mm polyethylene film, AT Plastics) cut using either small slits to permit entry of 40% of the rainfall, or for the ambient and added-precipitation treatments, larger slits to permit entry of all rainfall but control any effects of the structure itself (i.e., changes in wind or light). At Site AB, the water removed from the reduced precipitation treatment was collected using a system of troughs and tanks, quantified, and redistributed onto the added-precipitation treatments by hand watering within 48 h after each precipitation event. We quantified the efficacy of the reducedprecipitation treatment (-60%) by comparing the total amount of water diverted during the growing season at Site AB with ambient precipitation as averaged from two Davis Rain Collector II buckets (Davis Instruments) at the site. Except in the first year, when setup of the rain-out shelters was delayed until June, OTCs and rain-out shelter tops were installed each year after snowmelt in early May and removed in mid-October after the first killing frost and before snowfall.
In midsummer (15-30 June), grazing was simulated by clipping plots to a stubble height of either 7 cm (low intensity) or 3 cm (high intensity); control plots were left unclipped. These intensities were representative of conservative and aggressive grazing for these grasslands. A mower was used for clipping at Sites AB and SK, while a string trimmer was used at Site MB due to more robust vegetation. For all clipped plots, the central 50-by 50-cm permanent sample plot was hand clipped to avoid excessive disturbance associated with mowing. Clipped vegetation from this permanent sample plot was sorted into graminoid, forb, and shrub components, dried to constant mass, and weighed.
Vegetation Sampling
The vegetation biomass was quantified annually between 18 and 29 July, at peak biomass. For each plot, the vegetation was harvested by hand clipping to ground level in a previously unsampled 10-by 100-cm quadrat, and the biomass was sorted into graminoid, forb, shrub, and litter (including standing dead and detached material). Live biomass in the plots receiving the June clipping treatment constituted regrowth biomass, while biomass in the control plots was used as peak current annual aboveground growth. Within plots receiving the June clipping treatment, the accumulated biomass was calculated by adding the regrowth to the initial biomass removed during the June clipping. Samples were dried at 65°C for 72 h and weighed. Accumulated biomass samples were ground to 1 mm using a Wiley mill (Arthur H. Thomas Co.), and N concentration (% w/w) was determined by dry combustion using a CE440 Elemental Analyzer (Exeter Analytical) at the University of Alberta Biogeochemical Analytical Service Laboratory, according to standard analytical methods (AOAC, 1995) . Total N was then converted to CP by multiplying by a conversion factor of 6.25. Although exact ratios of total N to CP differ among organic materials (Sriperm et al., 2011), 6 .25 is commonly used in the literature to estimate plant CP Craine et al., 2010) .
Data Analysis
Treatment, site, and year effects, as well as their interactions, were tested using linear mixed model analyses of variance (ANOVAs) for repeated measures, specifying a compound symmetry covariance structure for the repeated measure (year). When necessary, we natural logarithm or square root transformed the variables (Supplementary Table S1 ) to meet ANOVA assumptions of normality and equal variance, although data in tables and figures were derived from original data to maintain interpretability. Site, year, precipitation, clipping, and warming were included as fixed factors, with replicate plots as random factors. For all response variables, we conducted a supplemental analysis of the Site AB data that included the added-precipitation treatment. In these Site AB only analyses, we included block as a random factor, with variance components as the covariance structure.
Accumulated herbage, forb, and graminoid biomass responses were analyzed across all clipping levels in a full factorial model. Additionally, we assessed regrowth herbage, forb, and graminoid biomass following low-or high-intensity clipping. By definition, there was no regrowth in unclipped plots. Analysis of CP was done separately for unclipped vegetation and clipped vegetation because the CP levels of these treatments were expected to vary due to obvious differences in plant phenological stage at sampling.
All ANOVAs were performed using general linear mixed models in SAS (Version 9.1.3, SAS Institute). Pairwise mean comparisons were conducted on all significant effects using Tukey tests (P < 0.05) (Supplementary Tables S2-S9 are full statistical tables.) As a followup to the ANOVAs, we conducted bivariate correlations between accumulated grass and forb biomass at Site AB to assess changes in the contribution of each growth form. We calculated Pearson's correlation coefficients and used one-tailed significance tests to compare these variables within warmed and unwarmed plots separately, using PSAW Statistics Version 18.0.0 (SPSS).
RESULTS
Efficacy of Open-Top Chambers
The OTCs were effective in raising the average daytime (900-1800 h) air temperature. On average, daytime air temperatures in the OTCs from May to September 2008 were elevated by a mean (± standard error) of 2.4 ± 0.1°C at Site AB, 1.1 ± 0.06°C at Site SK, and 1.2 ± 0.08°C at Site MB; in 2009, the increases were 3.3 ± 0.1°C at Site AB, 1.5 ± 0.1°C at Site SK, and 1.5 ± 0.1°C Site MB. Night temperatures (1800-900 h) were also elevated by 2.5 ± 0.1°C at Site AB, 1.2 ± 0.1°C at Site SK, 1.2 ± 0.1°C Site MB in 2008, and 3.3 ± 0.1°C at Site AB, 1.4 ± 0.1°C at Site SK, and 1.5 ± 0.1°C at Site MB in 2009.
Spatial and Temporal Variation in Responses
Accumulated herbage biomass was 17.5% greater in 2009 than 2008 (P = 0.003); this response was driven by graminoids (P < 0.001) rather than forbs (P = 0.40, Table 2 ). Accumulated herbage also differed by site (P < 0.001), with Site MB 44.6% greater than Site AB, and Site AB 17.8% greater than Site SK. This pattern also occurred for accumulated graminoid and forb biomass (P < 0.001), although the difference between Site AB and Site SK was not significant for graminoids (Table 2) . Regrowth biomass of total herbage and graminoids (P < 0.01) but not forbs (P > 0.06) differed among sites with the same pattern as accumulated biomass. Regrowth within each herbage Table 1 . Characteristics of the three study sites. All climate information is from the nearest weather station (<80 km from the site) with available records (Environment Canada, http://climate.weather.gc.ca/). The growing season was considered to be May to September, and long-term growing season averages were calculated from at least 15 yr of data from 1971 to 2000. Plant species nomenclature follows NRCS (2012). Soil taxonomy follows that of Soil Classification Working Group (1998 
Site AB component differed (P < 0.01) between years (greater in 2009) but only in low-rather than high-intensity clipped plots. Within unclipped plots, graminoid CP concentration differed by site (P < 0.001), but forb CP did not (P = 0.10, Table 2 ). In clipped plots, both graminoid and forb CP differed (P < 0.001) by site. The CP did not differ by year (P > 0.2) in either unclipped or clipped plots.
Accumulated Biomass
Warming reduced (P = 0.049) accumulated herbage by 7.9% across all three sites (Table 3 ). This reduction was attributed primarily to a reduction in graminoid biomass (P = 0.088) rather than forb biomass (P = 0.70). Warming also interacted with precipitation and site to alter the forb biomass (P = 0.03); warming impacted the forb biomass under varied precipitation at Site AB, and when this site was examined including moisture addition, resulted in a precipitation ´ warming interaction (P = 0.03). Warming tended to increase the forb biomass under low precipitation (P = 0.057, but decrease the forb biomass under higher precipitation, particularly ambient precipitation (Fig. 1) . Correlation of grass and forb biomass for Site AB in ambient-and reduced-precipitation plots indicated that relationships between these components were linked to warming. A negative relationship existed between grass and forb biomass (r = -0.30, P = 0.01) under warming, which became positive (r = 0.23, P = 0.04) without warming.
Changes in clipping intensity impacted accumulated herbage (P < 0.001), graminoid, and forb biomasses (Table 3) . Overall, low-and high-intensity clipping reduced the accumulated herbage (P < 0.05) by 12.7 and 31.5%, respectively, relative to plots receiving no prior clipping (Table 3) . Furthermore, while the forb biomass declined under low-and high-intensity clipping, graminoids declined only with high-intensity clipping (Table 3) .
Clipping also interacted with site (forb biomass, P = 0.045) and year (accumulated herbage, P = 0.01; forb biomass, P = 0.02). Observed reductions in forbs were limited to Site AB (maximum decline of 50.6%) and Site MB (maximum decline of 51.5%) only (P < 0.05), with Site SK having a stable forb biomass (P > 0.05) among clipping treatments (data not shown). Clipping ´ year effects reflected increasing separation among clipping treatments from 2008 to 2009 with respect to accumulated herbage and forb biomass. In 2008, only unclipped (156.2 g m -2 ) and high-intensity clipped (124.7 g m -2 ) plots differed (P < 0.05) in accumulated herbage, while in 2009 accumulated herbage biomass in low-intensity clipped (171.3 g m -2 ) plots was depressed (P < 0.05) compared with no clipping (205.3 g m -2 ) but elevated (P < 0.05) compared with high-intensity clipping (123.1 g m -2 ). A similar effect was evident for forbs; accumulated forb biomass did not differ between low-and high-intensity clipping in 2008 but differed among all levels in 2009 (data not shown).
Decreased precipitation generally reduced accumulated herbage (-24.5%), including that of graminoids (-21.5%) and forbs (-32.3%, Table 3 ); however, precipitation also interacted with site (all biomass components, P £ 0.02), and site ´ year (graminoid, P = 0.003), indicating that precipitation responses were variable among sites and study years. Reductions in accumulated herbage, for example (P < 0.05), were limited to Site AB (-42.6%) and Site MB (-19.9%), but not Site SK (P = 0.48), and were attributed largely to changes in graminoids, as forbs declined at Site MB (-41.6%) but not Sites AB or SK (P ³ 0.2). The three-way interaction within graminoid biomass reflected inconsistent precipitation responses among sites and years. At Site AB, reduced precipitation decreased accumulated graminoid biomass in both years up to 50.9%, while at Site MB, reduced precipitation decreased graminoids by 27.4% in 2008, with no decline in 2009. At Site SK, reduced precipitation did not affect the graminoid biomass (P > 0.05) in either year. Table 3 . Accumulated herbage, forb and graminoid biomass in response to the main effects of warming, reduced precipitation and various clipping treatments. Data are averaged across three northern temperate grasslands in western Canada. Precipitation impacts also tended to vary with clipping (P = 0.058) to affect graminoid biomass. Under ambient precipitation, graminoid biomass was greater (P < 0.05) under no clipping (131.1 g m -2 ) and low-intensity clipping (147.5 g m -2 ) than under high-intensity clipping (101.8 g m -2 ). Under reduced precipitation, however, the graminoid biomass under low-intensity clipping (99.4 g m -2 ) did not differ (P > 0.05) from high-intensity clipping (86.8 g m -2 ).
Treatment Level Accumulated biomass Herbage
Finally, the inclusion of added precipitation in the analysis of data from Site AB indicated that this treatment increased accumulated herbage biomass (P < 0.001) by 49.6% relative to the ambient treatment. This response was paralleled by an increase of 59.3% in graminoid biomass (P < 0.001) at this location. Precipitation also interacted with year to affect accumulated herbage (P = 0.04) and graminoid (P < 0.001) biomass, whereby herbage and graminoids under added precipitation increased by 53.9 and 48.2%, respectively, during 2009 compared with the previous year.
Regrowth Biomass
Warming had little effect on most regrowth biomass (P ³ 0.05), with the exception of graminoid regrowth, which declined by 20.4% in high-intensity clipped plots (P = 0.02; Table 4 ). In both clipping treatments, reduced precipitation led to decreased (P < 0.01) herbage regrowth by as much as 35.4%. Reductions in graminoid biomass (P < 0.05, both clipping treatments; Table 4), rather than forb biomass, were mainly responsible for the decline in regrowth herbage with reduced precipitation. Reduced precipitation decreased graminoid regrowth by 30.7 and 18.0% under low-and highintensity clipping, respectively (Table 4 ). The effects of reduced precipitation on herbage and graminoid regrowth were further mediated by precipitation ´ site interactions in both clipping treatments (P < 0.05). Reduced precipitation decreased herbage regrowth at Site AB (-34.4%) and Site MB (-32.0%) but not Site SK (P = 0.46). Reductions in graminoid regrowth were restricted to Site AB (-51.9%).
Although there was no effect of precipitation on forb regrowth (P > 0.05), forb biomass tended to be lower (-47.7%) in low-intensity clipped plots (P = 0.073). There was also a precipitation ´ site interaction (P = 0.04) within high-intensity clipped plots, whereby regrowth forb biomass decreased at Site MB only (by 60.5%) with reduced precipitation.
Analysis of Site AB data with the added precipitation treatment indicated that this treatment increased (P < 0.001) herbage regrowth (by 32.4% under low clipping; 89.7% under high clipping), again largely due to positive responses in graminoid regrowth (by 32.8% under low clipping; 96.6% under high clipping). Forb regrowth responded (P = 0.04) to added precipitation in low-intensity clipped plots only, increasing 72.2% compared with the ambient treatment.
Crude Protein
Warming had no significant effect on final graminoid (P = 0.09) or forb (P = 0.73) CP in unclipped plots (Table 5) . Also, in the absence of early-season clipping, reduced precipitation decreased (P < 0.05) the overall graminoid and forb CP by 6 and 9 g kg -1 , respectively (Table 5) . A three-way interaction among precipitation, site, and year (P = 0.03), however, revealed that decreases in graminoid CP occurred primarily under reduced precipitation at Site AB during 2009 (CP fell from 119 to 88 g kg -1 ). An additional four-way interaction involving warming (P = 0.04) at this location indicated that graminoid CP decreased from 105 to 85 g kg -1 with reduced precipitation but Table 4 . Regrowth biomass, including accumulated herbage, grass, and forb components, in response to the main effects of warming and reduced precipitation following either low-or high-intensity clipping earlier in the growing season. Data are pooled across three northern temperate grasslands in western Canada.
Treatment Level
Regrowth biomass Low-intensity clipping High-intensity clipping only under warmed conditions. Forb CP content was affected (P = 0.007) by a precipitation ´ warming ´ site interaction. At Site AB, forb CP in warmed plots decreased from 118 to 91 g kg -1 with reduced precipitation (P = 0.003). Additionally, reduced precipitation at Site SK decreased CP from 111 to 88 g kg -1 in unwarmed plots only (P = 0.01) but increased CP from 88 to 109 g kg -1 in warmed plots (P = 0.02). At Site MB, there were no precipitation ´ warming effects (P > 0.3). In plots exposed to previous clipping, reduced precipitation decreased (P £ 0.001) graminoid and forb CP by 10 g kg -1 or more (Table 5) . Forb CP was also affected by a precipitation ´ clipping interaction (P = 0.005); decreases in forb CP with reduced precipitation were limited to low-intensity clipping, where CP values declined from 125 to 108 g kg -1 .
Within plots exposed to earlier clipping, warming decreased (P = 0.04) graminoid CP (Table 5 ), a trend that was also apparent (P = 0.09) in the absence of earlier clipping (Table 5) . A similar reduction in forb CP (P = 0.09) was evident (from 124 to 120 g kg -1 ). Warming also interacted with year (P < 0.05) to alter graminoid CP; declines in CP (from 108 to 100 g kg -1 ) under warming occurred only in 2009. Forb CP was further affected by an interaction of warming with precipitation and clipping (P = 0.05); decreases in CP with warming from 115 to 102 g kg -1 occurred only under reduced precipitation and low-intensity clipping. Increases in clipping intensity increased (P = 0.001) CP of both graminoids and forbs by 1% or more (Table 5) . Clipping also interacted with year (P < 0.05) to alter graminoid CP, with greater CP in 2009 (112 g kg -1 ) than 2008 (106 g kg -1 ) under high intensity clipping; there was no year effect under low intensity clipping.
Incremental effects of added precipitation at Site AB on forage quality were limited. While water addition increased graminoid and forb CP (P < 0.05) in comparison to reduced precipitation in both clipped (graminoid difference of 21 g kg -1 ; forb, 09 g kg -1 ) and unclipped (graminoid, 20 g kg -1 ; forb, 27 g kg -1 ) plots, no difference was observed relative to plots receiving ambient precipitation. A further precipitation ´ year interaction in unclipped plots indicated that the difference in graminoid CP between reduced and added precipitation was significant only in 2009 (114to 85 g kg -1 ).
DISCUSSION
Accumulated Biomass
Warming, reduced precipitation, and clipping decreased season-long accumulated herbage biomass, with similar magnitudes of response to precipitation and clipping, and limited response to warming. Effects of clipping and warming on accumulated biomass were largely consistent across sites, while responses to precipitation varied. Negative effects of warmer air temperatures on plant growth can be attributed to soil drying (Smoliak, 1986) ; however, because biomass at Site SK responded to warming but not lower precipitation, we hypothesize that some other mechanism is responsible for the decrease in biomass with warming. Notably, the decline in accumulated herbage with warming was largely due to graminoids rather than forbs. King et al. (1995) also showed that decreases in growth of three Festuca species were due to increased temperature and not changes in soil moisture. That study suggested that this was an adaptation to limit growth to periods of lower temperatures, thus restricting growth to early in the growing season when soil moisture is high. There are also numerous physiological responses of plants that could lead to decreased biomass under warming, such as heat stress when temperatures exceed the maximum for leaf tolerance or deviation from optimum temperatures for photosynthesis (Shaver et al., 2000; Klein et al., 2004) . Unlike Klein et al. (2007) , we found no evidence of interactive effects of warming and clipping on accumulated herbage.
Accumulated herbage declined with reduced precipitation at both Sites AB and MB but not Site SK. At Site SK, the driest site, plants may be adapted to arid conditions via high water use efficiency and other drought tolerance mechanisms . This tolerance to reduced precipitation may be temporary, however, because grasslands can exhibit lag responses to precipitation (Fabricante et al., 2009) . At Site AB, graminoids were mainly responsible for the decline in accumulated herbage with reduced precipitation, while at Site MB, forbs were mainly responsible. Grasses are thought to be more responsive to precipitation than forbs because grasses rely on access to shallow water supplies through fibrous roots, whereas forbs can access deep water supplies (Patton et al., 2007) . As observed at Site MB, however, the responses of forbs and graminoids to precipitation can be species specific and are not always consistent with this explanation .
One of the ways in which climate change is expected to impact plants is through altered species interactions (Adler et al., 2012) . This idea was reinforced in the current study by the underlying negative relationship between grass and forb biomasses but only with warming. Because both warming and reduced precipitation decreased the accumulated graminoid biomass, forbs may have been able to take advantage of decreased competition and respond positively despite adverse environmental conditions. Likewise, in the absence of warming, there was a positive relationship between the two, potentially driven by other favorable environmental conditions. Accumulated herbage declined with increased clipping intensity. As has been observed in a number of studies (Harmens et al., 2004; Li et al., 2009) , these decreases were more pronounced under high than low clipping intensity. In our study, this was probably because of the ability of graminoids to tolerate low-intensity grazing. Grasslands across the northern prairies have a long grazing history, which probably allows mid to late seral grasses to be well adapted to withstand periodic herbivory and contribute to high diversity in these communities (Milchunas et al., 1988) . Consistent with our observed trend for accumulated graminoid biomass to decrease under reduced precipitation and low-intensity clipping, in a long-term study, Milchunas et al. (1994) found that the effects of clipping were more severe with low precipitation. The response of graminoids to clipping was largely driven by regrowth; both favorable and unfavorable environmental conditions during regrowth influenced graminoids more than forbs. Forb responses to warming and precipitation were driven by early-season conditions rather than altered regrowth. Consistent with these findings, Hawkes and Sullivan (2001) concluded that monocots (graminoids) were better able than dicots (forbs) to benefit from high resources following herbivory.
Regrowth Biomass
Overall, regrowth biomass was more sensitive to precipitation than to warming. The exception was at Site SK, where regrowth did not respond to reduced precipitation. With added precipitation at Site AB, regrowth was greater under high-intensity than low-intensity clipping, again driven by graminoids. There is some disagreement over whether low or high resources should lead to increased regrowth; our study is consistent with the compensatory continuum hypothesis, which states that herbivory tolerance is greater under high resources (Maschinski and Whitham, 1989) . Despite this, we observed no net increase in accumulated herbage to suggest overcompensation in response to clipping in our grasslands. In contrast to precipitation, the only effect of warming on regrowth was a decrease in graminoids within high-intensity clipped plots.
Crude Protein
Generally, we found that both warming and reduced precipitation had negative effects on CP. Especially at Site MB, where baseline graminoid protein concentrations were <7%, the decrease of 1% in CP with reduced precipitation could bring CP near the critical maintenance level for livestock of 5% (Milchunas et al., 2005) . Furthermore, there is no evidence to suggest that these changes in CP are transitory because when treatments interacted with year, it magnified rather than minimizes effects with time.
Decreases in CP with increased temperature have been observed in a number of studies Craine et al., 2010) , probably due to accelerated maturation and reduced leaf/stem ratios (Buxton, 1996) . Minor reductions in precipitation are expected to increase CP by delaying maturation (Buxton, 1996) . As we found, however, under more severe reductions in precipitation, CP may decrease, potentially due to nutrient translocation from shoots to roots (Hayes, 1985; Buxton, 1996) or forced senescence brought on by a lack of water. Supplemental rainfall is known to increase biomass, and a subsequent dilution of N in plant tissues can decrease CP concentrations (Milchunas et al., 1995) , although increased N uptake can simultaneously compensate for this (Fanselow et al., 2011) . We observed no change in CP with added moisture relative to ambient precipitation, and thus increased precipitation is unlikely to augment or exacerbate CP losses. In general, interactions between warming and precipitation were either consistent with, or exacerbated, existing trends, except that CP values at Site SK increased with reduced precipitation (under warmed conditions).
CONCLUSIONS
Our results further support the idea that planning for altered forage production under future climate conditions will be necessary (Morgan et al., 2008) . Herbage quantity and quality responses to climate changes were largely driven by main effects rather than interactions with clipping. There was some evidence, however, that clipping exacerbated the responses; for example, warming decreased CP in clipped plots but not in unclipped plots and graminoid regrowth biomass declined with warming only in high-intensity clipped plots. Also, decreases in biomass were generally more pronounced with high-intensity clipping than low. These findings suggest that lower stocking rates may be one strategy to limit decreases in grazing resources under climate change.
Planning for future grazing management is difficult because there are many uncertainties in predicting plant responses to climate change. Aggregate forage responses can also be complicated by species interactions (Suttle et al., 2007) and interactions with other global change factors beyond the scope of this experiment, such as rising CO 2 levels (Campbell and Stafford Smith, 2000) . Indeed, increased CO 2 concentrations generally enhance plant productivity, particularly in C 3 plants (Dieleman et al., 2012) , of which our study sites are primarily composed; however, grassland responses to CO 2 can be highly contingent on and influenced by other factors such as temperature and precipitation (Shaw et al., 2002; Dieleman et al., 2012) .
Although understanding agronomic responses to climatic factors at the scale of the individual ranch operation may not be possible, caution needs to be taken when applying knowledge from large spatial scales to small scales (Brown and Thorpe, 2008) . For example, our consistent response of decreased herbage biomass with warming differs from that currently projected across large regions of the Northern Great Plains (Morgan et al., 2008) and from meta-analysis results (Rustad et al., 2001; Lin et al., 2010; Wu et al., 2011) . We therefore see the need for more studies across broadly similar grasslands to identify the underlying factors associated with the observed variability in forage quantity and quality responses.
Although increases in herbage quality from clipping may compensate for declines in herbage quantity (Milchunas et al., 2005) , the responses of herbage quality and quantity under reduced precipitation and warming were both in the same direction. In other words, our results indicate that losses in herbage production under drought and warming will be exacerbated by decreased herbage quality. We saw evidence that graminoids, the more desirable plant group for herbage, will be particularly sensitive to warming, allowing forbs to prosper; however, graminoids performed better than forbs with added precipitation.
Although the full implications of our findings will depend on future climatic conditions, producers will clearly have to increase their flexibility to succeed in an unknown climatic future. Izaurralde et al. (2011) and Morgan et al. (2008) recommended a host of management actions that may be needed to address this uncertainty, including changes to stocking rates, animal breeds and species, and even changes to the enterprise. Combining flexibility in management with studies, such as this one, that provide information on regionspecific responses to climate change will be necessary to continue the economically, socially, and ecologically significant practice of grazing native prairie.
